Background--Hypertrophic cardiomyopathy (HCM) is a primary myopathic process in which regional left ventricular dysfunction may exist without overt global left ventricular dysfunction. In obstructive HCM patients who underwent surgical myectomy (SM), we sought to determine if there is a significant association between echocardiographic longitudinal strain, histopathology, and in vitro myocardial performance (resting tension and developed tension) of the surgical specimen.
H ypertrophic cardiomyopathy (HCM) is characterized by variable clinical expression ranging from symptomatic left ventricular (LV) outflow tract (LVOT) obstruction to progressive heart failure and sudden death, with a vast majority of subjects having near normal life expectancy. 1 It is increasingly understood that while the phenotypic expression of hypertrophy, obstruction, and diastolic dysfunction occur later in HCM, regional LV dysfunction predates overt morphologic changes. 2, 3 Histopathologically, it is characterized by myocyte hypertrophy, disarray, interstitial fibrosis, and small intracoronary arteriole dysplasia (SICAD). [4] [5] [6] Multiple previous studies have elucidated the characteristic histopathologic abnormalities (albeit in hearts of patients with sudden cardiac death [6] [7] [8] ) and demonstrated regional myocardial dysfunction in HCM patients. 2, 3, [9] [10] [11] In a recent observational study, we have reported on association between regional LV function (measured at the basal septum by using speckle tracking echocardiography 12 ) and histopathology (of the basal septal specimen) in living HCM patients who underwent surgical myectomy for relief of LVOT obstruction. 13 The basal septal tissue, removed at the time of surgical myectomy, provides a unique opportunity to obtained detailed insight into myocardial contractile performance, similar to what has described previously in other models of heart failure, where investigators measured resting and developed tension (RT and DT, respectively). [14] [15] [16] In vitro analysis of the myectomy specimen can potentially be useful as the associations can be determined in a living patient, as opposed to inferences from a postmortem study. For the current study, we hypothesized that there would be a significant association between in vivo basal septal strain (measured with preoperative echocardiography), histology, and in vitro myocardial contractile performance in HCM patients. The aim of this study was to determine the clinical and echocardiographic (including longitudinal LV strain) predictors of in vitro myocardial performance in adult HCM patients who underwent surgical myectomy to relieve LVOT obstruction.
Methods Study Population
This was a prospective study of 122 patients with documented obstructive HCM (refractory to maximal medical therapy) who underwent surgical myectomy at our tertiary care center. These were consecutive patients who provided written informed consent to have their myectomy tissue analyzed, at the time of surgery. All patients had a preoperative echocardiogram performed as part of their clinical workup. The study was approved by the institutional review board. We excluded patients with fixed obstruction (subaortic membrane or aortic stenosis) or those with an alternative diagnosis (eg, Fabry's/amyloidosis). HCM was defined as a hypertrophied and nondilated left ventricle in the absence of another cardiac or systemic disease that could result in a similar magnitude of hypertrophy. 17 Baseline clinical and imaging data, along with histopathologic data, were collected. Patients underwent myectomy as previously described. 18, 19 Subsequently, all histopathologic data were recorded, as described later. Additionally, all myectomy specimens were further analyzed for in vitro muscle performance, as detailed later. Clinical, echocardiographic, histopathologic, and muscle performance data on all patients were available for analysis.
Echocardiography
All patients underwent comprehensive echocardiograms using commercially available instruments (Philips Medical Systems, NA, Bothell, Wash and Siemens Medical Solution USA, Inc). End-diastolic interventricular septal, posterior wall thickness, LV ejection fraction, and volumes were measured according to guidelines. 20 Resting LVOT peak velocity was measured by using continuous-wave Doppler echocardiography, and resting LVOT pressure gradient was estimated by using a simplified Bernoulli equation. 21 In patients with resting LVOT gradients <30 mm Hg, provocative maneuvers, including Valsalva, amyl nitrite, and exercise echocardiography, were also used to measure a provocable LVOT gradient. Maximal LVOT gradient was recorded and defined as the highest recorded gradient (either resting or provoked) in a given patient. Resting peak systolic pressure was estimated as resting LVOT gradient plus systolic blood pressure (mm Hg). Resting mitral regurgitation (none to severe) and diastolic grades were assessed according to guidelines. 22, 23 Additionally, by using speckle tracking echocardiography, longitudinal systolic strain and strain rates (systolic and early diastolic) were measured in 2-and 4-chamber views (40 frames/s, Velocity Vector Imaging; Siemens). 9, 10 Endocardial borders were manually traced in end systole, with the software automatically tracking myocardial deformation. If poor tracking occurred, endocardial borders were readjusted manually until satisfactory tracking was achieved. Strain curves for each segment (summed average strain) were recorded. These measurements were made at apical, mid, and basal levels of visualized LV walls. However, for the purpose of comparison with histopathologic and in vitro myocardial contractile performance data, only the values from the basal septum (at the site of myectomy) were used ( Figure 1A through 1C). We wanted to understand the association of regional LV mechanics during both systole and diastole. As a result, we recorded the following parameters: longitudinal systolic strain and diastolic strain rates. Reproducibility of such analyses in HCM patients undergoing myectomy has been previously reported by our group. 13 All echocardiographic analysis was performed blinded to in vitro analyses described next.
Contractile Performance of Isolated Muscles
Myectomy specimens, obtained at the time of surgery, were transported to the laboratory in cold cardioplegia, as previously described. 24 Figure 2 ). When the muscle was initially mounted in the bath, it was mounted at a slack length, adjusted to a resting tension of %0.5 g. This allowed the muscle to rest comfortably and not be stretched as it was allowed to reequilibrate the ion gradients and warm up to 37°C in the bath. After %45 to 60 minutes, the length of the muscle was increased in 0.1-mm increments, using a micrometer attached to the hook that held the top of the muscle. Each time the muscle was lengthened, it produced a slightly greater DT. We continued to increase the length until we began to observe that DT did not change significantly. The point where DT remained constant through 2 additions of length was defined as L max , where the muscle rested for the remainder of the experiment. It is a physiologically defined length that is used to normalize muscle performance between various preparations, since contraction is length dependent in cardiac muscle. We recorded the following contractile parameters: RT, DT, time to peak tension (TPT), time to halfrelaxation (THR), maximal rate of tension rise (+dT/dt), and maximal rate of tension fall (ÀdT/dt). At the end of the experiment, muscle cross-sectional area was recorded, and tension values were normalized for muscle size.
Histopathology of the Myectomy Specimen
All specimens were fixed in 10% formalin. Formalin fixed tissues were processed for paraffin embedding. Initially, sectioning was done along the longitudinal myocardial fascicles to assess for myocyte disarray. All sections were stained with hematoxylin-eosin and Movat pentachrome stains. Histologic sections were evaluated for the presence and extent of myocyte hypertrophy, disarray, interstitial fibrosis, and SICAD ( Figure 1D ). Myocyte hypertrophy and disarray were classified as none, mild (1% to 25%), moderate (26% to 50%), and severe (> 50%). 6 SICAD was classified as none (absent to 1 vessel involvement), mild (1% to 25% of arterial involvement), moderate (26% to 50%), and severe (>50%). 6, 24 Similarly, myocardial fibrosis was assessed as normal, mild, moderate, and severe as described elsewhere. 6 Reproducibility of such analyses in HCM patients undergoing myectomy has been previously reported. 13 Histopathologic analysis was blinded from all other analyses.
Statistics
Baseline 
Results
The clinical and echocardiographic data of the study population (n=122) are shown in Table 1 . Because all patients underwent surgical myectomy for symptomatic improvement, maximal basal septal thickness was severely increased (2.2AE0.6 cm) and all patients had severe maximal LVOT obstruction (98AE32 mm Hg). Basal septal systolic strain (À8.3AE5%) and basal septal diastolic strain rate (0.62AE0.4/s) were also significantly abnormal, compared with normal values reported by using velocity vector imaging (Table 1) . There was no correlation between maximal basal septal thickness and septal systolic strain (r=0.004, P=0.9) or septal diastolic strain rate (r=À0.01, P=0.9).
Results of histopathologic and muscle contractile parameters on the myectomy specimen are shown in Table 2 . The majority of patients had at least mild myocyte disarray (85%), interstitial fibrosis (87%), and SICAD (63%) on histologic examination. Associations between various muscle contractile and histopathologic parameters (of the tissue removed at myectomy) and strain parameters (portion of the basal septum corresponding to tissue removed during myectomy) are shown in Table 3 . Association of septal systolic strain and septal diastolic strain rate ( Figure 3 ) was more significant with DT (b=À0.56 and 0.48, respectively) than with RT (b=À0.29 and 0.27, respectively). Similarly, association of myocyte disarray and interstitial fibrosis rate was more significant with DT (b=À0.74 and À0.77, respectively) than with RT (b=À0.26 and À0.37, respectively). There were significant differences in basal septal longitudinal systolic strain and early diastolic strain rate among the study population, separated on the basis of worsening degree of myocyte disarray ( Figure 4A and 4B) and interstitial fibrosis ( Figure 5A and 5B), as seen on histologic examination (all P<0.01). Similarly, there were significant differences in both RT and DT among the study population, separated on the basis of worsening degree of myocyte disarray ( Figure 4C and 4D) and interstitial fibrosis ( Figure 5C and 5D), on histologic examination (all P<0.01). Associations of various muscle contractile parameters with each other are shown in the Table 4 . Finally, we tested the association between relevant baseline myocardial contractile parameters (DT and RT) and various potential clinical, echocardiographic, and histopathologic predictors, by using univariable and stepwise multivariable regression analyses. Septal systolic strain (b=À0.21) and septal diastolic strain rate (b=0.22), along with degree of myocyte disarray (b=À0.25) and interstitial fibrosis (b=À0.28), were significantly associated with RT, independent of other clinical and imaging parameters (all P<0.01, Table 5 ). Similarly, septal systolic strain (b=À0.19) and septal diastolic strain rate (b=0.20), along with degree of myocyte disarray (b=À0.33) and interstitial fibrosis (b=À0.40), were significantly associated with DT, independent of other clinical and imaging parameters (all P<0.01, Table 6 ).
Discussion
In the current prospective study on HCM patients who underwent surgical myectomy, we demonstrate that echocardiographic basal septal longitudinal strain (both systolic and early diastolic) and various histopathologic abnormalities (characteristic of HCM) are associated with myocardial contractile parameters, measured in vitro on the myectomy specimen. This is one of the first studies, to the best of our knowledge in HCM patients, to report associations between in vivo regional myocardial mechanics of the same portion of the basal septum (measured noninvasively by using preoperative speckle tracking echocardiography), histology, and in vitro contractile performance of the septal muscle (removed at myectomy). Unlike previous studies, the current study did not test these associations in the hearts of sudden death patients but rather on myectomy specimens of patients who were alive postoperatively. [6] [7] [8] To further strengthen the analyses, various histopathologic abnormalities were semiquantitatively graded, which has been demonstrated previously to be comparable to computer-based quantification and reproducible. 25 We did not find any significant associations of DT or RT with standard clinical and echocardiographic parameters of global systolic and diastolic LV function. The likely reason for this is that to demonstrate differences in gross systolic and diastolic parameters, the patient population would have to have a wider phenotypic spectrum (ranging from early asymptomatic to advanced symptomatic). On the other hand, because LV strain assessment is more precise for the determination of subtle changes of systolic and diastolic regional LV function, it would be more plausible to expect significant associations between in vitro muscle contractile performance and LV strain in this relatively homogeneous population. Indeed, we demonstrate that septal systolic strain and diastolic strain rate had a strong association with DT and a modest association with RT. On the other hand, while it makes intuitive sense that LV peak systolic pressure would be associated with LV strain, there was no association between the 2. This was most likely because, to demonstrate such an Normal values for contractile parameters (AESD) were derived from nonfailing normal hearts (obtained from healthy organ donors deemed unsuitable for transplantation but who had no history of cardiac disease). Values given as n (%) or meanAESD. Please see reference [14] . SICAD, small intramural coronary arteriole dysplasia; RT, resting tension; DT, developed tension; THR, time to half relaxation; TPT, time to peak tension; +dT/dt indicates maximum rate of tension rise; -dT/dt, maximum rate of tension fall.
association, the patient population would have to have a wider spectrum of LV peak systolic pressure (ranging from none to severe LVOT obstruction). Myocardial strain and strain rate imaging have become important techniques for quantitative assessment of regional LV function. These are typically measured in a semiautomated fashion using speckle tracking echocardiography, which uses frame-by-frame tracking of myocardial echodensities (speckles) on 2-dimensional images. 12, [26] [27] [28] [29] An important advantage of the technique is that these measurements are independent of the angle of image acquisition. Strain refers to change in the length of the tissue with respect to its original length ( Figure 1B ), while strain rate refers to the speed at which myocardial shortening or lengthening occurs ( Figure 1C ). We selected systolic strain and diastolic strain rate as functional correlates of regional LV function as previous studies have shown that systolic strain correlates with regional contractility 30 while diastolic strain rate is a marker of regional diastolic function and reflects regional myocardial structure. 31 We used velocity vector imaging to calculate segmental longitudinal systolic and early diastolic strain rates in 2-and 4-chamber views, by using speckle tracking echocardiography, similar to prior reports. 9, 10 This technique has been demonstrated to be accurate with similar strain values for normal controls compared with other strain analysis techniques. 12, [27] [28] [29] For the purpose of comparative analysis with histopathology and muscle contractile data, we specifically used longitudinal strain values from the segment of the basal septum removed during myectomy. The mean longitudinal systolic and early diastolic septal strain values in our study population were similar to those published in the literature for HCM patients from the septum, with similar degrees of basal septal hypertrophy. 9,10 As 1 would expect, the strain values in our study population were significantly worse than the values published in the literature for normal controls. 12, [27] [28] [29] In this study, we also report detailed histopathologic findings of the analyzed septal tissue. HCM, at a histologic level, is characterized by myocyte disarray, SICAD, and interstitial fibrosis. A previous report, albeit in a postmortem study, has suggested that myocyte disarray is a direct response to functional or structural abnormalities of the mutated sarcomeric protein. 6, 7, 32 Myocyte disarray results in abnormal ventricular architecture that predisposes to worsening regional LV function, reflected by abnormal regional longitudinal LV strain as well as in vitro myocardial contractile performance, especially DT. Indeed, a previous report has also demonstrated an association between myocyte disarray and altered regional strain in transgenic mice. 33 Our study is one of the first to translate such findings in humans and further extend to in vitro contractile performance. In the current study, we also observed that LV septal strain worsened with increasing degree of histopathologic fibrosis. Indeed, similar to the current study, previous smaller retrospective observational reports, including a cardiac magnetic resonance study, have demonstrated worse LV strain with increasing degree of myocardial fibrosis, even in the absence of overt systolic LV dysfunction. 31, 34, 35 In isolated isometrically contracting muscle preparations, RT at L max is thought to reflect both the relative stiffness of the muscle and the level of diastolic calcium in the muscle cell. Previous reports have suggested that RT is increased in pathologic states; however, these observations were made in failing hearts with severely impaired LVEF and were compared with nonfailing, normal hearts (organ donors whose hearts were unsuitable for transplantation but who had no history of cardiac disease). [14] [15] [16] Increased RT in such situations has been attributed to increased fibrosis and elevation of diastolic calcium, resulting in lack of complete dissociation of calcium from its myofilament binding sites following contraction. However, in the current study of HCM patients, we observe a paradoxical association between RT and interstitial fibrosis, where, despite the mean RT being higher than normal, there was a weak but significant inverse association between RT and interstitial fibrosis. It is conceivable that the positive correlation seen in failing hearts (based on traditional definition), between increasing fibrosis and RT, may not be seen in HCM hearts because the mechanism of fibrosis is potentially different. Unlike failing hearts (most commonly seen in patients with severe ischemic cardiomyopathy, where development of fibrosis is a result of replacement of normal myocytes with scar tissue due to prior ischemic damage), the potential mechanisms responsible for development of fibrosis 39, 40 ), the prevalence of LV systolic dysfunction is very low, except for a small proportion of patients who present with late-stage "burnt out" HCM. In fact, a majority of HCM patients, including those in the current study, have preserved LV systolic function. Also, unlike patients with failing hearts, multiple prior reports have suggested that the long-term outcomes of typical HCM patients, including symptomatic HCM patients (even those with severe LV hypertrophy, extensive fibrosis, and LVOT obstruction) undergoing surgical myectomy, are excellent. 1, 19 Also, another important consideration is that, in addition to the passive properties, there appear to be additional factors that affect RT. Indeed, in the current study, there was a significant correlation between DT and RT. DT, in contrast, reflects the active process of contraction and can be increased by either an increase in calcium influx into the myocardial cell, an increase in release of calcium from the sarcoplasmic reticulum, or an increase in sensitivity of the myofilaments to calcium. Naturally, DT will be affected by myocyte disarray and, to an extent, by fibrosis. In the current study, DT also had an inverse relationship to myocyte disarray and fibrosis.
Limitations
The current study has the following limitations. There is a selection bias as these were symptomatic HCM patients undergoing myectomy, with lack of generalizability to nonobstructive or apical variants. The current study tests associations, not causality. The histopathologic features of HCM are distributed in a diffuse, often patchy manner, which is more likely to affect disease progression, as opposed to localized septal changes. Also, there was significant overlap of strain and resting/developed tension between varying histopathologic grades-hence, the inability to infer histopathologic grade of disarray and fibrosis in any individual patient would be difficult. While there could be multiple potential causes for the overlap, one possible cause is the individual response to peak systolic pressure in the form of LVOT gradient. It is conceivable that in some patients robust contractility may be preserved, while in others contractility may be overmatched by load.
Conclusions
In obstructive HCM patients who undergo surgical myectomy, reduced longitudinal systolic strain and diastolic strain rates, measured in the basal anterior septum, and greater myocyte disarray and interstitial fibrosis are associated with reduced myocardial performance measured in vitro as RT and DT.
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